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SUMMARY

The action of halogenated agents in preventing flame propegation in
fuel-gir mixtures in laboratory tests is discussed in terms of & possible
chemicel mechenism. The mechanism choseén is that of chain-bresking reac-
tions between agent and active particles (hydrogen and oxygen atoms and
hydroxyl radicals).

Data from the literature on the flammsbility peeks of n-heptane-
agent-air mixtures are treated. Ratings of agent effectiveness in terms
of the fuel equivalent of the agent, based on both fuel and agent concen-
trations at the peak, are proposed as prefersble to ratings in terms of
agent concentration alone. These fuel-equivalent ratings are roughly
correlated by reactivities assigned to halogen and hydrogen stoms in the
agent molecules. It 1s concluded that the presence of hydrogen in an
agent need not reduce its fire-fighting gbility, provided there is enough
halogen to make the agent nonflsmmsble.

A method is presented for estimating from quenching-distence data a
rate constant for the reaction of agent with active particles. A quanti-
tative result 1s obtained for methyl bromlde. This rate constant predicts
the observed peak concentration of methyl bromide quite well. However,
more data are needed to prove the valldity of the method.

The assumption that helogensted agents act mainly by chain-bresking
reactions with active particles is consistent with the experimental facts
and should help guide the selection of agents for further tests.

INTRODUCTION

The development of effective fire-fighting methods is an important
problem in aircraft operations. At the heart of the problem is the need
for potent extinguishing agents. In addition to potency, the agents must
have properties that meke them sultable for use in aircraft environments;
for example, the corrosiveness, freezing point, toxlcity, and electrical
conductivity mist be considered.
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An extinguishing agent may put out a fire by one or more of the fol-
lowing mechanisms:

(1) Cooling action

(2) Blanketing action (dilution of oxygen around fire)

(3) Mechanical asction (cutting fire away from source of combustible)
(4) Chemical action

The commonly used asgents, water and cdrbon dioxlide, seem to operate
by a combination of the first three modes of action. However, Fryburg
(ref. 1) has reviewed the literature pertinent to fire-extinguishing
agents, and his analysis emphasizes the importance of chemical action.

He concludes that gains may be made by seeking agents that interfere
chemically with the combustion reactions, and focuses attention on
halogen-containing compounds. More specifically, some of the hslogenated
hydrocarbons combine chemical effectiveness with physical properties suit-
able for aircraft use.

Although the case for the existence of chemical action in fire fight-
ing is made in reference 1, it is worthwhile to report the essential argu-
ments here. Studies of the concentration limit of flammebility for fuels
mixed with oxygen and inert gas (e.g., fuel-air mixtures) show that, for
a glven fuel, flame cannot propagate unless a fairly definite minimum
flame temperature is attained (ref. 2). In other words, the limit occurs
at a concentration of fuel that will release just enough heat of combus-
tion to raise the products to the minimm flame temperature. Then, if
one tries to prevent flame propagation in any mixture of fuel and air by
addition of more inert gas, a gas of hligh heat capacity would be expected
to be more effective than one of low heat capacity. This expectation i1s
confirmed by experiment. TFor example, reference 3 gives the following
order of effectiveness for prevention of flame propaegetion in methane-air
mixtures: carbon dioxide >nitrogen>argon, which is the same as the order
of the heat cgpacities. Halogenated agents, on the other hand, show no
such correlation between heat capacity and extinctive &bility; the action
is not due simply to cooling (ref. 4, p. 115). TFurthermore, the amount
of halogenated agent required to prevent flame propagstion is very much
less than the amount of inert gases required (ref. 5). Inasmich as me-
chanical action cannot be a factor in the flammsbility tests, and the
diluting action is no more effective than that of the same volume of inert
ges, reference 1 concludes that halogenated compounds are good extinguish-
ing agents because of chemical action.

Although the importence of the physical fire-fighting mechanisms
should not be ignored, it seems most logical to search for chemically ef-
Tective agents by meens of a test that minimizes the influence of physical
factors. Reference 1 points out that flammability-limit studies offer a
method of rating chemical action quentitatively. The most sultable test
appears to be a determination of the flammgbility pesk. The concentration
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limits of flamebility of homogeneous mixtures of fuel, air, and extin-
guishing agent are determined, and the smallest amount of agent that will
prevent flame propegation in any fuel-air mixbture is found; this is called
the flammsbility peek. The smaller the concentration of sgent at the
peak, the more effective it is. The flammebility determinations are car-
ried out by essentisally the standard method described in reference 3.

In recent years many halogenated hydrocarbons have been tested for
fire-extinguishing potential (see, e.g., refs. 6 to 8). In this way, some
highly effective agents have been found. For example, 4.2-percent-by-
volume dibromodifluoromethgne will prevent flame propagation in all
n-heptane-air mixtures, whereas 29.5 percent of the relatively inert car-
bon dioxide is required (ref. 6, from work by the Purdue Research Founda-
tion). Furthermore, it has been found that there i1s some correlation be-
tween the order of effectiveness of various agents as rated by flammsbility
peaks and the order indicated by practical application tests to standard
fires (ref. 6). The work is thus quite well advanced.

However, it is desirable to understand something of the chemistry
involved in extinction of a fire by halogenated agents. Such knowledge
would aid in selection of agents for test and would help decide the im-
portant question of whether still more effective agents remain to be
found.

Reference 1 speculates that the chemical action of halogenated agents
consists in reaction with and removal of hydrogen atoms. It is %the pur-~
pose of the present report to interpret flammsbility-pesk data in terms
of such a mechanism, but extended to include oxygen atoms and hydroxyl
radicals that are also believed to be important in fleme propagation. A
method of estimating the rate constant for the reaction between active
particles and asgent molecules is described and illustrated for the case
of methyl bromide in propane-air mixtures. No real proof can be advanced
for the conclusions derived from this interpretation, but it is presented
as s useful basis for discussion and further experimental work.

SYMBOLS

A fraction of total molecules present in gas phase that mst react
if flame is to contimue to propagate

b average chain-branching coefficient, sec™L

Cq.t agent concentration at flammebility peak with respect to total
? mixture of fuel, air, and agent, percent by volume

cp fuel concentration -at flammability pesgk with respect to fuel and
ailr only, percent by volume
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rich-1imit fuel concentration in air, percent by volume

fuel concentration at flammability pesk with respect to total
mixture of fuel, air, and agent, percent by volume

diffusion coefficient for active particles of one kind into
unburned gas at atmospheric pressure and initiael mixbure
temperature, cmZ/sec

diffusion coefficients for H, O, and OH, respectively, into
unburned. gas at atmospheric pressure and initial mixture
temperature, cm?Z/sec

width of rectangular slot, cm

activation energy, cal/mole

emount of fuel. that must be added to fuel-air mixture of con-
centration cp to produce rich-limit mixture, moles

average chain-breaking coefficient, sec™1

average specific rate constent for reaction of H, 0, and OH
with agent molecules, cmS/molecule/sec

average specific rate constant for reaction of H, O, and OH
with fuel molecules, cmd/molecule/sec

nunber of agent molecules per unit volume, trumber/ cmd

munber of agent molecules per unit volume in unburned mixture
at reaction temperature, mmber/cm3

nuniber of fuel molecules per unit volume, rrumber/ cmd

nunber of fuel molecules per unlt volume in unburned mixture
at reaction tempersture, number/cm3

power expressing temperature dependence of diffusion coef-
ficient, DTl

total pressure of mixture, atm

partial. pressure of active particles of one kind, atm
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Py eq equilibrium adisbatic partial pressure of active particles of
’ one kind, atm

R universal gas constant, cal/(mole)(°C)

Tp equilibrium adisbatic flame temperature, K -
TR mean reaction temperature, 0.7Tp, %K

To initiel mixture temperature, °K

W rate of reaction

€ fraction of total number of active particles striking walls

that are destroyed

Mg fuel equivalent of agent

EXTINGUISHING ACTION OF HALOGENATED AGENTS
Flammability Peaks of Halogenated Agents

Although most halogenated hydrocarbon agents are a good deal more
effective than a relatively inert gas such as carbon dioxide, very wide
varigtions in flammebility peaks are found; figure 1 shows typical ex-
amples from‘reference 9. Flammgbility peaks for 54 halogenated hydro-
carbon ggents as well as daeta for ten compounds not based on hydrocarbon
molecules are listed in reference 6. The fuel used was n-heptane, and the
tests were run in the usual flammgbility-limit apparatus described in
reference 3. However, it was convenient to work at pressures from 300
to 500 millimeters of mercury, rather than st 1 gtmosphere; the results
were probably not much different from those that would have been obtained
at 1 atmosphere (ref. 10). The percent of sgent by volume at the flam-
mebllity pesk ranged from 4.2 (dibromodifluoromethane) to 26 (carbon
tetrafluoride). The large body of consistent data from reference 6 will
serve as the main basis for discussion in this report. The data for 46
helogenated hydrocarbons for which flammgbility peaks were obtained are
reproduced in table I.

Inasmuich as the effectiveness of an agent is greater the smaller its
concentration at the flammability peak, 1t is noted in reference 6 that
the reciprocal of the peak concentration is a direct measure of the extin-
guishing ability. Inspection of these reciprocals shows that the halogen
atoms stand in the following order of effectiveness: iodine >Dbromine>
chlorine> fluorine.
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Fuel Equivaelent of Agent as Measure of Extinguishing Ability

As glready mentloned, previous work has teken the reciprocal of the
peak agent concentration as a direct measure of agent effectiveness. Be-
fore going on to a discussion of the chemical action of agents, a new
method of rating agents will be discussed. This method accounts for both
fuel and agent concentrations in the pesk mixture.

Teble I shows that the concentration of n-heptene at the flammebility
peek changes with the agent used; it varies from 0.7 percent by volume in
the case of 3-chloro-l,1,l-trifluorcpropane, to 4.4 percent in the case
of dibromodifluoromethene. Now, the fuel itself is an extinguishing
agent, as evidenced by the phenomenon of rich flammegbility limits. For
exemple, consider mixtures of n-heptane and air; the lean and rich limits
are 1,10 and 6.70 percent by volume, respectively, as measured by the
standard method (ref. 3). In other words, substitution of 5.60 parts of
n-heptane vapor for 5.60 parts of air (by volume) in a lean-limit mixture
produces a rich-limit mixture. Thus, the fuel itself is an effective ex-
tinguishing agent in the closed system used for flammability tests. (How-
ever, the same conclusion would not hold true in the case of an open fire,
with ready access of oxygen.) Consequently, it does not seem entirely
correct to rate agent effectiveness simply in terms of the agent concen-~
tration at the flammability peak. The amount of fuel in the peak mixture
should be accounted for as well, and the agent concentration should be
compared with the amount of fuel that would have to be added in the &b~
sence of agent to attain the rich flammsbility limit. In addition to
separating the effects of fuel and of agent in preventing flame propaga-
tion, this method also compares the agents to the fuel on which they are
tested, rather tham to an arbitrary standard such as the peak concentra-
tion of a particular agent.

A mixture of 100 moles of fuel, agent, end air, at a volume composi-
tion corresponding to the flammability peak, contains cf,t moles of
fuel, cg , moles of agent, and (100 - Cr,g - ca,t) moles of air. The
fuel concentration cp, with respect to fuel and air only, is

cp = [éf,t/(loo - ca)tilloo percent by volume (or moles per 100 mole?i)

This fuel-alr mixture of fuel concentration cp can be made nonflammeble
by adding . ca,t moles of agent or Af moles of fuel, sufficient to give
a rich-limit mixture. The expression for the rich limit is

_ Cf + JaN
e = [cf + AT + (100 - cf)] x 100 (2)
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Equation (2) can be solved for Af:

-c
AP = cfzrc f (3)
1 -5
100
The ratio
Na = = (4)
Ca,t

thus defines the fuel equivalent of the agent. The higher the value of
Mg the better the agent. Values of Mg have been calculated for the

data of reference 6 and are listed in teble I. The order of 7, is not
the same as the order of Cq,t On the basis of mn, values, CFzCH,CH5Br

1s the best agent tested for preventing flame propagation in flammebility
tests; in order of increesing agent concentration at the flammebility
peak, this agent stands tenth.

Chemical Effectiveness of Extinguishing Agents

Flame propagsation and extinction. - It has already been pointed out
that the effectiveness of @ halogenated agent comes from some chemical
action. In order to judge what the mode of such action might be, it is
necessary to adopt a general scheme for the essential chemical reactions
of combustion.

As yet, there is very little informatlon on the kineties of high-
temperature combustion reactions. Direct experimental methods that may
finally decide the reaction mechanism are still under development. Mean-
while, combustion reactions must be studied mainly by indirect means. A
chemical scheme is assumed, and data on such properties as burning veloc-
ity and quenching distance are examined for consistency with the
asssumptions.

In recent years, the theory that flame propagation depends on reac-
tions between active particles (atoms. and free radicals) and fuel has
received considersble attention (refs. 11 and 12) and has proved consist-
ent with a large body of dsta relating to laminar flames (ref. 13). This
theory is based on the fact that active particles are known to exist in
flames, and some of these particles are found to be very reactive toward
fuel molecules in separate experiments (ref. 14). Reference 12 and many
subsequent papers emphasize the importance of hydrogen and oxygen atoms
and hydroxyl radicals in starting reaction chains.
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The idea that reaction chains started by H, O, and OH are needed for
hydrocarbon flame propagation was therefore adopted in the present work.
It is an easy extension to consider the case in which the mixture contains
& halogenated agent. As the active particles travel gbout in the reaction

.zone, some of them will meet agent molecules. If & reaction then occurs

that ties up active particles in steble products, without creation of new
active particles, the agent acts as =& chain-stopper. If there is enough
of this chain-stopping action, the agent will extinguish the flame. This
model of flame extinction is equivalent to the one suggested by reference
1; however, reference 1 considered the hydrogen atom as the most important
active particle. The present model includes oxygen atoms and hydroxyl
radicals in view of the ldter work summarized by reference 13.

Inasmich as the detailed chemical mechanism of combustion is not
known from direct study, this model of extinction cennot be argued on an
ebsolute basis. For example, if the reaction between an active particle
and an agent molecule should yield & methyl radicel, it is by no means
clear that the methyl radical should be a less effective chain initiator
than the active particle that disappeared in the reaction. However, it
is fruitless to speculate on such complications gt this time. In this
discussion, only the following two steps will be counsidered in the chain

mechanism:

(l) The rate-controlling reaction between active particles and fuel
(2) The chain-breeking reaction between active particles and agent

Some initial support for the active-particle idea of flame extinc-
tion may be obtained from the literature, as pointed out in reference 1.
Reference 14 shows that the rate of reaction of hydrogen atoms with singly
halogenated methanes decreases in the order Ilodine>bromine>chlorine>
fluorine. As already mentioned, the order of effectiveness of helogen
atoms In extinguishing agents is the same.

Reactivity mumbers for halogenated agents. - The model described in
the preceding section may be carried a bit further, by means of a crude
approach, and a rough correlation of the fuel equivalent 1, data of

teble I obtained. Reactivities were assigned to the various halogen atoms
on the basis of the reactions of hydrogen atoms with the singly halogen-
ated methanes. The following data are avallgble from reference 1l4:

H + CHsF » CHz + BF  E>9000 cal/mole (5)
H + CH3CL > CHz + HCL  E = 7000 to 9000 cal/mole (6)
H + CHzBr - CHz + HBr  E = 3000 to 7000 cal/mole (7)

H + CHzL -+ CHz + HT  E<5000 cal/mole (8)

31787



L8le

CHE-2

NACA TN 3565 9
Only reactions of hydrogen atoms were considered, because a similar set

of data for oxygen atoms and hydroxyl radicals was not availsgble.

Rates of reaction w are exponential functions of the activation
energies and the temperature:

W oc e F/RT | (9)

The following activation energies were chosen for reactions (5) to (8):

Reaction | Activation
energy, E,
cal/mole
(5) 10,000
(8) 8,000
(7) 5,000
(8) 2,000

The value 2000 cal/mole for reaction (8) was estimated from a plot of E
sgainst atomic weight of halogen for the other three reactions.

The mean reaction temperature TR was taken as

as in reference 12. For the present purpose, Tp was set equal to the

flame temperature calculated for the n-heptane-air mixture of maximm
burning velocity, 2208° K (ref. 15); therefore, Tp ~1550° K. Table II

lists the values of the exponentials computed in this manner, as well as
the values relative to the smallest reactivity (for reaction (5)). The
latter are relstive reactivities and are more convenient to handle.

The relative reactivities were derived from reactions of methyl
halides. However, it was assumed that the same reactivity applies to a
given kind of halogen atom, regardless of the structure of the molecule
in which it appears. The totel reactivity of the agent with respect to
halogen was thus found by adding the relative reactivities for all the
halogen atoms present. These numbers, however, did not correlate the
Ng Velues listed in teble I.

Many of the widely-scattered points were for hydrogen-containing
agents, and the 1, values tended to be too high. Now, reactions of the

following kind are known to occur easily (ref. 14):
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H + CoHg » Hy + CpHs  E = 6700 cal/mole (11)

If such a reaction were to occur between a hydrogen atom and a hydrogen-
containing agent, the chain carrier (H) would be destroyed and the remain-
ing radical (a halogenated group anslogous to CoHg in reaction (11)) might

still have an extinguishing effect. In that cese, the total agent reac-
tilvity should include & reactivity essigned to hydrogen atoms in the agent
molecule. Reaction (11) was assumed fairly representative of the reac-
tions that would be experienced by H at the hydrogen sites of agent
molecules.

When a reactivity for hydrogen atoms based on E = 6700 cal/mole
wes added to that for the halogen atoms, the rough correlation of the 7y
data with total reactivity shown in figure 2(a) was obtained. The solid
line in figure 2(a) was drawn by eye; the dashed lines bound the region
of +25-percent deviation in total reactivity. Only elight points lie
markedly outside this region.

The correlation of figure 2(a) certainly does not prove the validity
of the active-particle approach, but there are several noteworthy points
that summarize the findings:

(1) The reactivity numbers correlate the 7, data better than they

correlate the peak agent concentrations. This may be seen by comparing
figure 2(a) with figure 2(b), in which total reactivity is plotted against
reciprocal peak agent concentration. Fifteen points lie outside the re-
gion of +25-percent deviastion in total reactivity bounded by the dashed

lines. _

(2) The reactivity of hydrogen atoms present in the agent had to be
added to that of the halogen atoms In order to obtain figure 2.

(3) The best halogen reactivities found by trial and error in refer-
ence 6 were

F:Cl:Br:I = 1:2:10:16
The relative mumbers used in this work were somewhat similar (teble II):
F:Cl:Br:T = 1:1.9:5.1:13.4
The main difference is in the bromine reactivity. However, of the 22
bromine-containing egents listed in table I, 15 contain hydrogen. There-

fore, inclusion of hydrogen in the total reactivities calculated in the
present work presumably accounts for the difference.
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(4) Reference 6 used the trial-and-error reactivities to calculate
peak agent concentrations. The observed and calculated values of Ca,t

are compared in figure 2(c). The s0lid line is the perfect correlation
line, and the .dashed lines bound the region of +25-percent deviation in
calculated ¢, ¢ values. Comparison of figures 2(a) and (c) shows that

the correlation developed in the present paper is at least as good as the
best empirical correlstion.

The procedures adopted in this report thus appear to be useful; and,
furthermore, the active-particle idea of fleme extinction leads to a sug-
gestion thet may be quite important. That is, it appears that effective
agents are not necessarily completely halogenated hydrocarbons, and that
good agents may contain hydrogen as long as there is enough halogen to
meke the agent nonflammsble. Thus, on the basis of the 17, values of

teble I, CFzCH,CHoBr is rated as the best agent, followed by CHpBr, and
CBrzF, whereas reference 6 rates CBroF, and CBrzF as best on the basis
of the amount of agent required to produce a flammebility peak.

The value of hydrogen in agents should be an important factor in
keeping practicel agents both volatile and cheap. Comparison of the
amount of halogen in the agents listed as flammsble in reference 6 with
the smount in nonflammsble agents shows that the critical proportion is

ebout 75 percent by weight.

METHODS OF CALCULATING AGENT REACTIVITY FROM EXPERIMENTAL DATA
Basis of Calculaetions

Very little information is availsable on the chemical mechanism of
combustion reactions, and sttempts to explain the chemical action of
halogenated egents mist start with some assumptions about the key steps
in the mechanism. In this work, the assumption is that reaction of active
particles (specifically, H, O, and OH) with fuel and agent governs fleme
propagation in hydrocarbon-agent-air mixtures. This assumption led to the
set of reactivities for halogen and hydrogen atoms in agent molecules that
has been discussed. However, the reactivities had to be obtained in an
unrealistic¢ menner, and the correlation of 17,4 ’data to which they lead

(fig. 2(a)) is not very satisfying.

Granted. a similar assumption sbout the mecheniem of fleme propaga-
tion, it is possible to derive better measures of agent reactivity from
suitable experimental data. One approach is described in reference 16,
in which the flammsebility-limits of carbon monoxide and of hydrogen in
air were measured with various amounts of added methyl bromide. The com-
bustion products were analyzed for water, hydrogen, hydrogen bromide, and
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so forth; sultable maess balances were generally obtained. These results
vwere used to compute the adisbatic flame temperatures for mixtures near
the flemmebility limits. The flame-propagation theory of Van Tiggeln
(ref. 17, p. 419), which pictures flammsebility limits as being fixed by
the relative probabilities of chain-bresking and -branching, was then ap-
plied. Activaetion energies for the two types of reasction were derived,
and reference 16 suggests that the actual reactions might be as follows:

H + Op » OH + O (chain-branching) (12)
H + CHzBr - CHz + HBr (chain-breaking) (13)

This method, then, yields activation energies for the branching and breek-
Ing reactions that are assumed to take place. It may be noted that the
chain-breaking reaction is the one suggested in reference 1.

An altogether different gpproach, which is described in detail in
the next section, depends upon the use of quenching-distance data and
equations that interpret quenching from the active-particle point of view.
Average rate constants for the reaction of H, 0, and OH with agent may be
computed; from them the amount of agent at the flemmability pesk may be
estimated and compared with experiment to check the calculation.

Description of Method for Calculating Reactivity
from Quenching-Distance Data

It has long been known that a flsme in a mixture of given tempera-
ture, pressure, and composition will not travel through a tube smaller
than some minimum size (see, e.g., ref. 5). This minimm size is called
the quenching distance, and it may be the diameter of a circuler tube or
the width of a rectangular one. .The numbers, however, are not the same
in both cases, so there is a geometry effect.

Reference 18 edopts the point of view that a flame is quenched when
a critical proportion of the active particles (H, 0, and OH) produced in
the fleme strike the walls, where they are assumed to be destroyed. Equa-
tions are derived that give the quenching distance in terms of a balance
between the mumber of active particles lost by diffusion to the walls and
the mumber that must diffuse into the fresh gas to sustain flame propaga-
tion. These equations have been tested with a good deal of success (refs.
18 to 21); the effects of pressure, temperature, geometry of the quenching
surface, and mixbture composition (lean-to-stoichiometric mixtures only)
have been interpreted.
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The original equations of reference 18 were developed on the assump-
tions that the active particles start straight-chain reactions upon fruit-
ful collisions with fuel molecules and that there is no chain-bresking in
the gas phase. Reference 21 considers the case in which there is chain-
bregking and derives an equation that may be applied to mixtures contain-
ing a supposed chain-bresker, for example, a halogenated agent. The fol-
lowing equation was obtained: ‘

124 - §1-e2o zpi. (TR)

EF 1
02 - 7 . (14)
e |1+ 20T | S 2 - Pa¥(eb) )
T e o 2 1009 \Tr
g-b

It should be emphasized at this point that it is not necessary to
assume that active particles are lost by diffusion. An equation analogous
to equation (14) might be derived based on the idea that heat loss governs
flame propagetion in tubes, while retaining the notion that reaction of
active particles with fuel is essential. Reference 22 treats flame
quenching by tube walls in this manner; however, an equation for the case
of gas-phase chain-bregking is not derived. Thus, equation (14) is used
in the present work because it was already available.

Reference 21 analyzed a large amount of quenching-distance data and
concluded that chain-branching mey be neglected (b = 0) and that the ef-
ficlency of the wall for destruction ¢ may be set equal to unity for
purposes of the theory. With these changes, equation (14) simplifies to

T n
(8
a2 = 0 (15)
2 11
K N ; :Pi Pdg<T0>: : Py
g o~ 10 \Ty 2
D R (DO)
i i

Now, the frequency of chain-breaking reactions g 1is given by
= Kgllg (18)

The quenching distance 4 for a mixture of hydrocarbon fuel, air,
and agent may be measured. If all the other terms in equation (15) were
known, it would be possible to solve for g. The number of agent mole-
cules N, may be computed from the perfect gas law, so kg could then
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be obtained by equation (16). The result would be a measure of the reac-
tivity of an extinguishing agent and, therefore, a measure of its value.

Reference 21 correlates quenching-distance data with the use of the
following considerations: .

(1) The fraction A was set equal to the mole fraction of fuel at
the lean fleammgbility limit.

2) The mean reaction temperature T was calculated from equation
R
(10).

(3) The partial pressure of active particles of one kind in the
reaction zone p; was teken as 0.7 of Py eq’ the equilibrium adisbatic
J

partiel pressure in the flame.

(4) The equilibrium adisbatic quantities Tp and p were com-
F 1,eq
puted by the method of reference 23.

(5) The smount of fuel in the reaction zone Ny was taken as half
the amount Nf(TR) computed by the perfect gas law from fuel concentra~
tion and reaction-zone temperature Tg. This allows for the fact that

the average fuel concentration in the reaction zone must be less than
would be present in fresh gas at the same temperature, owing to reaction.

The same considerations were adopted in the present work. In addi-
tion, N, was set equal to 0.5Ngi(Tg), in analogy to assumption (5). Fi-

nally, the following values of n and DY were used (ref. 21): n = 2;
Df = 1.80 cm?/sec; D§ = 0.40 cm?/sec; and DYy = 0.28 cm?/sec. Solving

equations (15) and (16) for k., +then yields

§ 2
P

10a2keNp / , =% - 1204 (EB)

_ i D3

kg %o (17)

2
T P
i

Appropriate data for use in equation (17) are reported in reference
24. 'The pressure limits of flame propagation for propane-air mixtures
containing 0.5~volume-percent methyl bromide were measured in a tube 3.73
centimeters in diameter. These limits are really the pressure-
concentration boundary at which the quenching distance is equal to the
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tube diesmeter, as shown in reference 18. Equation (17) epplies to the
case 1n which the quenching surface is composed of plane-parallel plates;
but the circular-tube quenching distances of reference 17 may be reduced
to the corresponding parallel-plate separations if multiplied by the
empirical factor 0.7 (ref. 18). In other words, the data for a 3.73-
centimeter tube are the same as the data for plates separated by 2.61
centimeters. The pressure-limit curve from reference 24 is reproduced
in figure 3.

Reference 21, which glso dealt with propane as fuel, suggested for
kp the semiempirical velue 2.25x10~13 cm3/molecule/sec. The mole frac-
tion of propane et the lean limit in air is 0.0201 (ref. 2). As for T
and Pi,eq’ these were approximeted by the values computed for propane-

alr mixtures and reported in reference 18, since the mixtures being
treated contalned only 0.5-volume-percent methyl bromide.

A11 the data needed for equation (17) are therefore et hand and are
listed in table IIT for four lean-to-stolchiometric mixtures. Average
rete constants calculated from equation (17) for the reaction of H, O,
and OH with methyl bromide are listed in teble IIXI. The values range

from 0.31x1071% cm3/molecule/sec for the leanest mixture to 7.01x10-14
cm3/molecule/sec for the stolichiometric mixture; the average of the four

values is 3.45x1071%. TIf k; 1is 2.25x10"13 cmB/molecule/sec, then methyl

bromide is on the average only 15 percent as reactive toward active par-
ticles as is propane.

Check of Method by Compsarison of Predictg@,and Observed
Flammebility Peaks for Methyl Bromide

The result of the foregoing calculation may be checked by using it
to estimate the amount of methyl bromide at the flammebility peak. In
the model used in this work, flame can propagate only if the average chain
length is equal to or grester than 1. The cheain length is reduced both by
destruction of active particles at the walls and by collisions with agent
molecules in the gas phase. At pressures near 1 atmosphere and for large
tubes, the wall effects are small; the equation in reference 21 for the
chain length reduces to the following simple form for the conditions of
the flammsbility tests of reference 6 (500-mm-Hg pressure, S-cm tube):

kg, = kellp (18)

This equation means that no flame can propagate if the frequency of gas-
phase chain-bresking reactions kN, 1s equal to the frequency of chain-

propegating reactions kaf; this is a reasongble statement.
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Equation (18) may immedistely be written in terms of the volume per-
cent of fuel and agent abt the flammability peak cf £ and °a . respec-—

tively, and solved for Ca,t?

kp
eyt = i cr,t (19)

No data were found that gave Cr, ¢ for propane-alr - methyl bromide mix-
tures. However, kp 1is the same for a large number of saturated hydro-

carbons (ref. 15), and k, should not depend on the fuel used in its

determination. Therefore, equation (19) ought to apply to n-~heptane,
for which both Ce ¢ and ca,t are gvailgble from reference 6. Using

this data, the estimated methyl bromide concentration at the flammsbility

pegk for n-heptane is

25x10~13
Co gt = 2.25x107 1.4 = 9.1 volume percent
a, -14
3.45%10

Reference 6 gives 9.7 percent; the prediction is thus quite good.

DISCUSSION

This report has discussed a mode of agent action based on chein-
breeking collisions between agent and active particles. A new method of
rating agents in terms of fuel equivalent was proposed; total reactivi-
ties that account for both hslogen and hydrogen in asgent molecules were
then derived and used to correlate the fuel-equivalent data. The reac-
tivities were obtained at the expense of much oversimplification. Never-
theless, the chain-breaking model of agent action puts the results of
flammebility-peak determinations into a fairly consistent pattern; the
correlation shown in figure 2(a) between fuel equivelent of esgent and
estimated reactivity toward active particles may be useful in choosing
agents for field tests.

In order to obtain a better and more direct measure of agent reac-
tivity, a method of celculating rate constants for agent-active particle
reactions from quenching-distance data was described. The single quan-
titative result was the average rate constant calculated for reaction of
active particles with methyl bromide. Thie constant closely predicts the
observed methyl bromide concentration at the flammability peak for n-
heptane, even though it was obtalned from entirely unrelated data. How-
ever, the agreement may be fortultous. Quenching-distance data for other
agents would have to be measured and the rate constants calculated and
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correlated with 17, before this reservation could be removed. A further

check would be to obtain data for various fuels, but with the same agent;

if the model is correct, k, should not be affected by the fuel.

There is another question that seems beyond the reach of the present
simple treatment. The amount of fuel at the flammability pesk varlies with
the agent used, and the pegk mixture is sometimes fuel-lean but more often
fuel-rich. From the dctive-particle picture, one would expect that the
flammability peak should fall at a fuel concentration corresponding to the
maximum production of active particles, that is, at the mixture with the
flame most difficult to put out. Perhaps it is most often a rich mixture,
because the agent is a diluent and heat sink as well as a chemical partic-
ipant. Similer behavior is found in studies of burning velocity; the
highest burning velocity occurs 1n progressively richer mixtures as the
proportion of nitrogen in the oxidant is increased (ref. 25).

On the other hand, the explanstion may have to do with the ignition
properties of the fuel. The n-heptane-air mixture most easily ignited
by electric sparks 1s quite rich, gbout 1.8 times stoichiometric or 3.4
volume percent (ref. 5,.p. 413); this is in contrast to the n-heptane-
air mixture of greatest burning velocity, which is Just rich of stoichio-
metric (ref. 15). It may be noted that the average n-heptane concentra-
tion with respect to fuel and air only cp (tsble I) for the 46 agents

of reference 6 is 3.1 volume percent, not very different from the most
easily ignited mixture. )

CONCILUSIONS
The following conclusions were reached in this work:

1. Ratings of agent effectiveness in terms of the fuel equivalent
of the agent, based on both the fuel and agent concentrations at the
flammability peek, are roughly correlated by reactivities toward active
particles assigned to halogen and hydrogen atoms in the agent molecules. .

2. The presence of hydrogen in an agent does not necessarily reduce
its fire-fighting ability and may actually enhance it, provided there is
enocugh halogen to make the agent nonflammgble.

3. A rate constant for the reasction of agent with active particles
(hydrogen and oxygen atoms and hydroxyl redicals) may be estimated from
quenching-distance data. The result for the only case studied (methyl
bromide) is ressonsble and predicts the observed pesk agent concentration
quite well.

-
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4, The assumption that agents act by chain-breeking reaction with

active particles is consistent with the experimental facts and should
help in the choice of agents for further evaluation. However, a good
deal more work is needed to put this theory of the chemical mechanism of
fire extinction on & sound basis.

Lewis Flight Propulsion L&boratory

National Advisory Committee for Aeronautics
Cleveland, Ohlo, July 18, 1955
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TABLE I. - FLAMMABILITY FEAKS OF n-HEPTANE-AGENT-ATR MIXTURES

(REF. 6)

Agent Pegk fuel | Peak agent | Peak fuel | Fuel
concen- concen- concen- equivalent
tration, tration, tration of agent,

Ce, 4 Ca, b9 (fuel and Mg,

percent by | percent by | #F only),
volume volume e
percent by
volume

CBroFs 4.4 4.2 4.6 0.55
CBrzF 3.0 4.3 3.1 91
CBrF2CH2Br 3.4 4,3 3.6 7
CBrFoCBrClF 3.5 4.6 3.7 .70
CFzCHBrCHz 3.5 4.9 3.7 .65
CBr¥2CBrF2 3.3 4.9 3.5 .69
CFoICFoI 3.5 5.0 3.7 .64
CHpBrp 2.1 5.2 2.2 .92
CFzCFoI 3.0 5.3 3.2 .70
CFzCH;CHoBr 1.5 5.4 1.6 1.02
CHzCHoI 2.3 5.6 2.4 .82
CFzCBrFo 4.0 6.1 4.3 43
CHzI - T 2.1 6.1 2.2 .79
CBr¥3 3.0 6.1 3.2 .61
CHzCH,Br 2.3 6.2 2.5 .73
CHoBrCFoCHz 2.3 6.3 2.5 71
CClF,CHBrCHz 1.5 6.4 1.6 .86
CHBroF 3.4 6.4 3.6 .52
CFzCHoBr 3.4 6.8 3.7 47
CgF11CoF5 3.4 6.8 3.7 47
1,3-CgF0(CF3) 5 3.4 6.8 3.7 AT
CFzI 2.5 6.8 2.7 .83
1,4-CgF1(CF3) 2 3.4 6.8 3.7 47
CHoBrCH,CL 1.7 7.2 1.8 72
CC1F,CHoBr 3.0 7.2 3.2 .51
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TABLE I. - Concluded.

ATR MIXTURES (REF. 6)

NACA TN 3565

FLAMMABILITY PEAKS OF n-HEPTANE-AGENT-

Agent Pegk fuel Peak sgent | Peak fuel | Fuel
concen- concen~ concen- equlvalent
tration, tration, tration of agent,

Ce 4 Ca, s (fuel and Mg

percent by | percent by | #T only),
volume volume Ce>
percent by
volume

CgF11CF3 3.0 7.5 3.2 0.49
CiF16 3.0 7.5 3.2 .49
CH,BrCl 2.2 7.6 2.4 .61
CHBrF» 4.0 8.4 4.4 .30
CClF,CCLoF 4.0 9.0 4.4 .28
CBrClF, 3.0 9.3 3.3 39
CHzBr 1.4 9.7 1.8 o7
CFo>=CHBr 2.6 9.7 2.9 42
Ca¥10 3.4 9.8 3.8 .32
CC1F,CC1Fyp 3.0 10.8 3.4 .38
CCly 3.2 13.5 3.6 .29
CFzCHC1CHZ 1.0 12.0 1.1 .50
CFzCH5CHpC1 7 12,2 .+8 .52
CClF3 3.3 12.3 3.8 .25
CFzCFz 3.0 13.4 3.5 .25
CCloFo 3.9 14.9 4.6 15
CHClz 3.6 17.5 4.4 14
CHF 3 2.5 17.8 3.0 .22
CHC1F, 2.3 17.9 2.8 .24
04F8 2.3 18.1 2.8 .23
CF4 1.8 26.0 2.4 .18
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TABLE II. - REACTIVITIES OF HALOGEN AND

HYDROGEN ATOMS IN AGENT MOLECULES

Reaction Activation —E/RTR Relative
energy, e reactivity
E, (a)
cal/mole
H+CHzF 10,000 0.039 1.0
H+CHzCL 8,000 .075 1.9
H+CHzBr 5,000 .198 5.1
H+CH3zI 2,000 .522 13.4
H+CoHg 6,700 114 2.9

"rp assumed constant, 1550° K.

TABLE III. - CALCULATED AVERAGE RATE CONSTANTS FOR REACTION BETWEEN ACTIVE

PARTICLES AND METHYL BROMIDE

Propane | Pressure | Flame Partial Partiel |Partial [Calculated
in air, | 1imit, temper- | pressure |pressure |pressure |average rate
volume mm Hg ature, of H, of O, of OH, constant, k.,
percent (a) oK atm atm atm cm3/molecule/
(b) (b) (v) (b) sec

2.50 210 1718 0.04x107°(0.87x10"2| 9.75x107°| 0.31x10"14
3.00 100 1932 .52 3.61 19.9 1.79

3.50 68 2094 3.29 6.93 29.8 4.70

4£.03 56 2184 10.2 7.1 31.5 7.01

8Ref. 24 and fig. 3.
bRer. 18.
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Figure 2. - Concluded. Comparison of observed and calculated measures of
agent effectiveness.
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